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Magnetic correlations in Ti-substituted Sr3�Ru1−xTix�2O7 have been studied by elastic and inelastic neutron-
scattering techniques. Below transition temperatures of the order of 20 K, the samples with 7.5 and 10% of Ti
content exhibit an incommensurate spin-density wave ordering with a propagation vector qic= �0.24,0.24,0�,
which does not reflect the dominant magnetic instabilities in pure Sr3Ru2O7. Strong inelastic correlations near
qic were found to persist in Sr3�Ru1−xTix�2O7 far above the magnetic ordering; they become gapped in the
ordered state.
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I. INTRODUCTION

Among the layered perovskite ruthenates, which exhibit a
variety of exciting magnetic properties, the bilayer com-
pound Sr3Ru2O7 has attracted particular interest over the re-
cent years due to the observation of quantum-critical behav-
ior related to its metamagnetic transition.1 The quantum-
critical phenomena arise from a low-lying critical end point
whose temperature may be suppressed by variation in the
magnetic field direction.2,3 Several aspects of the metamag-
netic transition remain, however, poorly understood, such as
the splitting into multiple transitions and the formation of a
novel phase around the quantum-critical end point.4,5

Pure Sr3Ru2O7 stays paramagnetic down to the lowest
temperature but displays strong magnetic fluctuations, as evi-
denced by 17O NMR and by inelastic neutron-scattering
measurements.6–9 These results clearly show that magnetic
fluctuations of ferromagnetic and antiferromagnetic charac-
ters coexist; their ratio depends on the temperature and field
range. While NMR measurements do not yield very detailed
information about the Q dependence of the susceptibility
��q�, inelastic neutron-scattering experiments at low tem-
perature and at zero field7 reveal two-dimensional magnetic
correlations peaked at incommensurate antiferromagnetic po-
sitions on the axes of the pseudotetragonal Brillouin zone:
�q1 ,0 ,0� and �q2 ,0 ,0� and equivalent vectors with q1
�0.09 and q2�0.25. The positions of these incommensurate
magnetic correlations are remarkably similar to those in
single-layered Ca2−xSrxRuO4 for 0.2�x�0.6 �Refs. 10 and
11� which also exhibits a metamagnetic transition.

The reported enhancement of antiferromagnetic fluctua-
tions near the critical field in Sr3Ru2O7 is surprising insofar
as the metamagnetic transition should intuitively rather cor-
respond to a ferromagnetic instability. For instance, in the
single-layer ruthenate Ca1.8Sr0.2RuO4, it has been shown that
indeed the ferromagnetic fluctuations become enhanced at
the metamagnetic transition.11 A better understanding of the
role which the different magnetic instabilities play in the
metamagnetism in Sr3Ru2O7 is highly desirable.

In view of the apparently quite complicated interplay of
different magnetic instabilities, the study of substitution ef-

fects can be a very helpful tool as chemical substitution may
shift the balance and selectively enhance one of the instabili-
ties. In the case of Sr3Ru2O7, it has recently been demon-
strated that doping with Ti or Mn on the Ru site induces
interesting effects.12,13 By only a few percent of Mn substi-
tution, the ground state of Sr3Ru2O7 becomes an antiferro-
magnetic insulator with the magnetic ordering described by a
commensurate �0.25,0.25,0� propagation vector.12 For Ti-
substituted Sr3Ru2O7, Hooper et al.13 reported the suppres-
sion of the metamagnetic transition and the upturn of the
low-temperature specific heat for low Ti content.

Ti doping has already been investigated in the
single-layer14–18 �Sr2RuO4� and in the perovskite19–21

�SrRuO3� compounds. Concerning the electronic configura-
tion, it has been argued that the Ru 4d and the Ti 3d bands
are well decoupled and that Ti is in its nonmagnetic 4+ state
�3d0�. The Ti4+ ion has the same oxidation number and a
similar ionic radius as Ru4+ and is easily incorporated in the
crystal structure, where it acts as an impurity. The Ti4+ sub-
stitution decreases the average number of Ru neighbors, i.e.,
the effective Ru coordination, and thereby reduces the
Ru 4d-band widths. In Sr2RuO4 only a few percent of Ti
doping is sufficient to freeze the dominant magnetic instabil-
ity of the pure compound into a spin-density wave at the
same q vector.15,22

We have studied Ti-doped Sr3Ru2O7 by various neutron-
scattering techniques. For the Ti concentrations of 7.5 and
10% we find an incommensurate spin-density wave magnetic
ordering whose propagation vector, qic= �0.24,0.24,0�, does
not coincide with the incommensurate dynamic correlations
in the pure compound.7

II. EXPERIMENTAL

Single crystals of Sr3�Ru1−xTix�2O7 with the two Ti con-
centrations x=7.5% and x=10% have been grown by a float-
ing zone technique. Neutron-scattering measurements were
carried out on the 4F1 spectrometer at the LLB in Saclay and
on the IN12 and IN22 spectrometers at the ILL in Grenoble.
On 4F1, a configuration with kf =2.662 Å−1 and two pyro-
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lytic graphite �PG� filters has been used, and a standard po-
larized neutron setup allowed for a longitudinal polarization
analysis of the scattering. On IN12, we worked with kf
=1.5 Å−1 and a Be filter, and a vacuum box around the
sample allowed for a significant reduction in background at
low scattering angles. While these experiments focused on
the elastic scattering using small crystals with dimensions of
a few millimeters, a large assembly of five coaligned
Sr3�Ru0.9Ti0.1�2O7 crystals of about 500 mm3 was studied by
inelastic neutron scattering on IN22 �kf =2.662 Å−1; PG fil-
ter�. Throughout the paper, we index all wave vectors in
reduced lattice units referring to the tetragonal unit cell, a
=b�3.9 Å and c�20.6 Å. Specific-heat measurements
were performed on a larger series of Sr3�Ru1−xTix�2O7 single
crystals �x=0, 0.005, 0.01, 0.025, 0.05, 0.075, and 0.1� using
a 3He device at the University of Edinburgh.23 Resistivity
was measured by a standard four-probe technique and mag-
netic susceptibility using a superconducting quantum inter-
ference device �SQUID� magnetometer.

III. STATIC SPIN-DENSITY WAVE ORDERING

By elastic neutron scattering at low temperature, super-
structure reflections were searched by scanning along the

high-symmetry directions of the Brillouin zone. No signal is
observed along the a� /b� axes, but along the diagonals of the
Brillouin zone additional intensity appears at low tempera-
ture. In the �Qh ,Qk ,0� plane we find superstructure scattering
at all wave vectors which are displaced by qic
= ��0.24, �0.24,0� from integer values �H ,K ,0�. Figure
1�a� shows a collection of such scans, proving the intensity
appearing at these positions at low temperature. In contrast
to the interpretation in Ref. 13, the character of the magnetic
ordering in Sr3�Ru1−xTix�2O7 is not ferromagnetic but a spin-
density wave close to the commensurate quarter-indexed or-
der of up-up-down-down configuration, which has been re-
ported for Mn-doped Sr3Ru2O7.12

To unambiguously establish the magnetic nature of these
peaks, we have carried out a polarized neutron study on the
4F1 spectrometer. In this experiment, one measures the spin-
flip and the nonspin-flip scatterings separately, and by the
application of a small magnetic guide field, the spin direction
of the neutron at the sample position can be chosen along
any spatial direction. The longitudinal polarization analysis
adds an additional selection rule to the general neutron-
scattering law that only magnetic components perpendicular

to the scattering vector Q� contribute: in the spin-flip channel

FIG. 1. �Color online� Elastic magnetic scattering in Sr3�Ru0.9Ti0.1�2O7. In �a� we show the intensity at various Q vectors at T=2 and 30
K. All three scans run in diagonal direction. �b� Summarizes the spin-flip count rates for the three polarization directions H �x ,y ,z, together
with the nonspin-flip count rate �inset� for H �x �inset�. A mapping of the scattering around the �0.76,0.76,0� reflection in the H ,K plane
�T=2 K� is shown in �c�. The dotted black ellipse indicates the resolution of the spectrometer.
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the magnetic polarization must be perpendicular to the neu-
tron polarization. In the notation of Fig. 1�b� and with the
�110�/�001� scattering plane used in this experiment, the di-
rections are defined such that x is parallel to the scattering
vector, y is along �001�, and z � �11̄0�. Due to a small amount
of a ferromagnetic Sr4Ru3O10 �TC=105 K �Ref. 24�� impu-
rity phase, neutron depolarization effects were sizeable in
this experiment and needed to be taken into account. When
correcting for the finite polarization, the measured intensities
for the different spin directions indicate a magnetic moment
aligned along the crystallographic c direction.

Figure 1�c� contains a mapping of the �0.76,0.76,0� reflec-
tion for Sr3�Ru0.9Ti0.1�2O7. Fitting the widths of the peak at
this and other positions to a Lorentzian peak function and
taking into account the experimental resolution, we obtain an
isotropic correlation length of 168�5 Å in the a ,b plane,
which corresponds to about 40 lattice spacings. The in-plane
correlation length is thus significantly larger than the mean
Ti-Ti distance in a single layer. The in-plane correlation
length was also determined for the Sr3�Ru0.925Ti0.075�2O7
sample where it amounts to only 60�10 Å. The signifi-
cantly reduced correlation length seems to reflect the less
stable magnetic ordering at this composition which is seen in
the reduced transition temperature as well as in the macro-
scopic properties.

When discussing the c axis correlation of the magnetic
order in the bilayer compound, one has to distinguish the
coupling within a double layer �intrabilayer� and that be-
tween the double layers �interbilayer�. The former can be
expected to be of comparable strength as the in-plane cou-
pling whereas the interdouble-layer coupling should be much
smaller. In view of the large in-plane correlation length one
may expect the coupling between the two planes in a double
layer to be rather perfect. The observation of the signal at

Q� = �0.24,0.24,0� directly proves an essentially ferromag-
netic coupling in the double layer, which agrees with the
magnetic order in Ca3Ru2O7.25 The stacking of the magneti-
cally ordered double layers, however, seems to be limited to
short range, as it can be seen in the ql scans shown in Fig. 2.
As mentioned above, intensity has been found in the
�Qh ,Qk ,0� plane at all wave vectors displaced by qic from
any integer �H ,K ,0� value. Due to the body centered struc-
ture, however, only �H ,K ,0� with H+K even are zone cen-
ters, while the others are three-dimensional zone boundaries
associated with a phase shift between neighboring double

layers. Figure 2�b� shows that for Q� = �0.76,0.76,ql� the in-
tensity is maximum at ql=0, while for �1.24,0.24,ql� it is
maximum at ql=1. Therefore, in both cases the magnetic
satellite is found to be displaced by qic= �0.24,0.24,0� away
from the three-dimensional Bragg positions ��1,1,0� and
�1,0,1�, respectively�, which indicates a ferromagnetic cou-
pling between the neighboring double layers. The ql depen-
dence of the magnetic signal in Sr3�Ru1−xTix�2O7 can be fit-
ted with the superposition of broad Lorentzian peak profiles
whose half width at half maximum indicate a correlation
length corresponding to an exponential decay of the order
parameter of only �12 Å. The stacking of the magnetically
ordered layers is quite limited similar to the case of Ti-doped
Sr2RuO4.15 We emphasize that the magnetic ordering in

Sr3�Ru1−xTix�2O7 cannot be considered as a three-
dimensional phase transition due to the finite correlation
lengths. Apparently the disorder induced by the Ti prohibits a
well-defined transition.

Figure 3 summarizes the temperature dependence of the
elastic magnetic scattering. For the sample with x=7.5% Ti
we estimate the magnetic transition temperature by linearly
extrapolating the temperature dependence of the magnetic
scattering to Tmag�17 K, and for 10% Ti to Tmag�25 K.
As a function of temperature, there is, to the accuracy of
10−3, no shift in the peak position. The exact value of the
peak position, though, varies slightly between different
samples and different Ti concentrations �between 0.235 and
0.24�, and there is always a significant deviation from the
commensurate value 1

4 . Moreover, there is some indication
that for the higher Ti concentration this value is larger by the
order of 1%. A precise determination of the absolute magni-
tude of the ordered moment would require a more thorough
measurement of integrated intensities on a larger set of re-
flections. Nevertheless we can state that the magnetic mo-
ment is quite substantial. In the scenario of a simple sinu-
soidal spin-density wave, we estimate it to be between 0.5
and 1 �B at low temperature.

Lacking suitable crystals with smaller Ti concentration, it
is not possible to reliably determine the critical concentration
at which magnetic order sets in; a rough extrapolation yields

FIG. 2. ql dependence of the magnetic intensity. In the sketches

of the �hk0� and �hk1� planes �a� filled circles denote Q� positions
displaced by qic= �0.24,0.24,0� from a 3D-zone center, i.e., �0,0,0�,
�1,1,0�, etc., whereas the open circles denote Q� positions displaced
by qic from a 3D-zone boundary, i.e., �0,1,0� and �1,0,0�. The in-
tensity at the latter positions is due to the large extensions of the
scattering along c. The data in �b� show scans along ql for two
inequivalent values of H and K �open and closed symbols obtained
in different scanning modes� referring to satellites around �1,1,0�
and �1,0,1�, respectively. In these plots, the background has been
subtracted; i.e., any intensity is truly magnetic.
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xcr−Ti�2–4% in agreement with the macroscopic measure-
ments �see below�. In the case of Mn doping,12 the analysis
of the macroscopic properties determines the critical concen-
tration to xcr−Mn�3%.

It is noteworthy that the spin-density wave magnetic or-
dering appearing in Sr3�Ru1−xTix�2O7 does not reflect the in-
elastic correlations detected in pure Sr3Ru2O7.7 In Sr3Ru2O7
the dominant magnetic fluctuations have been observed at
very different wave vectors7 than that of the magnetic order
induced by Ti doping. On the diagonal of the Brillouin zone,
in particular close to qic, no magnetic fluctuations have been
reported, rendering magnetic order at this vector quite re-
markable. In contrast, the magnetic order induced by Ti sub-
stitution in the single-layer material Sr2RuO4 appears at q�
= �0.307,0.307,1� �Ref. 15� almost exactly at the position of
the strong incommensurate inelastic response of the pure
material22,26 which is very well understood in terms of
Fermi-surface nesting. Pure Sr2RuO4 is already close to mag-
netic order, and upon slight Ti doping, these fluctuations fi-
nally condense into static order. In Sr3Ru2O7 such a simple
picture apparently does not hold. The transition tempera-
tures, the size and orientation of the ordered moments, and
even the two-dimensional propagation vectors are, however,
remarkably similar in Ti-doped single and bilayer ruthenates,
suggesting a close relation and strong similarity in the elec-
tronic structure. The in-plane correlation lengths are consid-
erably longer in the double-layer compound as the perturba-
tion of the magnetism due to the Ti impurity is reduced in the
double-layer planes. The magnetic ordering in
Sr3�Ru1−xTix�2O7 for x=7.5 and 10% seems to be closely
related with the magnetic ordering in Mn-doped Sr3Ru2O7
where antiferromagnetic superstructure reflections were ob-

served at the apparently inconsistent Q� = �0.25,0.25,0� and

Q� = �0.75,0.25,0� positions by powder neutron diffraction.12

Magnetoelastic coupling. In the Mn-doped compounds
the magnetic transition is accompanied by strong structural
anomalies12 which render it interesting to search for similar
effects in the Ti-doped samples. Figure 4 shows the tempera-
ture dependence of the lattice parameters in Sr3Ru2O7 and in
Sr3�Ru0.9Ti0.1�2O7 determined by x-ray powder diffraction on
powders obtained by crushing parts of the single crystals.27

The RuO6 octahedra in pure Sr3Ru2O7 are rotated around the
c axis yielding an orthorhombic symmetry with negligible
orthorhombic splitting space group Bbcb.28 The pure and the
doped materials exhibit a negative thermal expansion coeffi-
cient along the c direction �see Fig. 4�, which seems to be
characteristic for layered ruthenates with a rotational distor-
tion. In the Ca2−xSrxRuO4 series as well, the rotational dis-
tortion causes a negative c axis thermal expansion coeffi-
cient, whereas a static tilt distortion leads to a strong
shrinking of the c parameter upon cooling.29 The inclusion of
the Ti into the Sr3Ru2O7 structure causes a continuous flat-
tening of the lattice, c shrinks, and a and b expand. The
roughly constant cell volume is consistent with the idea that
Ti is four-valent, but the flattening may indicate some change
in the orbital occupation with respect to pure Sr3Ru2O7.

There is no indication for any structural phase transition
throughout the entire temperature range, neither in the pure
nor in the substituted material �see Fig. 4�. Nevertheless, a
weak structural effect is observed at Tmag: by counting on the
edge of the strong nuclear �2,0,0� Bragg-reflection profile of
the Sr3�Ru0.9Ti0.1�2O7 single crystal on the IN22 triple-axis
spectrometer, we observed a relative elongation of the in-
plane lattice constant by �1·10−4 when cooling through TN.
This effect is corroborated by the lattice-parameter studies
using x-ray powder diffraction, which also indicate a flatten-
ing of the lattice in the magnetically ordered state, as well as
by studies on the cold triple-axis spectrometer G4.3. In the

FIG. 3. �Color online� Temperature dependence of the magnetic reflections. �a� Shows transverse scan across the first magnetic reflection
in Sr3�Ru0.925Ti0.075�2O7, and �b� summarizes the full relative temperature variation for both Ti concentrations, measured at various Q
vectors.
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related Mn-doped system,12 �a
a amounts to about 1 ·10−3. In

the antiferromagnetic compounds Ca3Ru2O7 and Ca2RuO4

the elongation �a
a amounts to 1 ·10−3 and 1·10−2,

respectively.25,29 Furthermore, the effect is also present in
metallic and paramagnetic Ca1.8Sr0.2RuO4 �and to a lesser
extent at higher x in Ca2−xSrxRuO4 �Ref. 30�� �1·10−4� where
it is associated with the appearance of strong inelastic anti-
ferromagnetic correlations.11 Thus in many layered ruthen-
ates one observes a flattening of the lattice upon entering or
approaching an antiferromagnetically ordered phase.

Any change in the octahedral environment of the Ru ions
is expected to couple strongly to the 4d-orbital occupation
and thereby to the orbital moments. The related magnetoelas-
tic effects appearing in so many layered ruthenates underline
the generic strong role of spin-orbit coupling.

IV. INELASTIC MAGNETIC CORRELATIONS

We have furthermore studied the magnetic excitations in
Sr3�Ru0.9Ti0.1�2O7 by inelastic neutron scattering. As the
magnetic correlations are to a large extent two dimensional,
we worked around the two-dimensional zone center �1,0,0�.
We find an inelastic signal at q=0.22�0.01 on the a� /b�

axes, which can be identified with the outer incommensurate
�q= �0.25,0 ,0�� signal in Sr3Ru2O7.7 This signal is present
below and above TN, but at 2.5 meV energy transfer �� de-
creases by a factor of �4 when cooling from T=33 K to
T=1.5 K. We could not study the inner incommensurate sig-
nal reported by Capogna et al.7 as there is a strong overlap-

ping intensity centered at the ferromagnetic zone center. In
the single crystals of Sr3�Ru1−xTix�2O7 other members of the
Ruddlesden-Popper series, SrRuO3 and Sr4Ru3O10, develop
as single-crystalline intergrowth phases. Due to the large fer-
romagnetically ordered moment of these minor impurity
phases, they may imply a strong inelastic signal in spite of
their low volume ratios. As in addition there is also some

phonon scattering around Q� = �1,0 ,0�; we cannot reliably
separate the intrinsic magnetic scattering of
Sr3�Ru0.9Ti0.1�2O7 close to the zone center.

In contrast to pure Sr3Ru2O7, Sr3�Ru0.9Ti0.1�2O7 exhibits
strong fluctuations around qic, which we have carefully stud-
ied. Figure 5 summarizes the results of momentum and en-
ergy scans for different temperatures and energy transfers.
Part �a� of the figure shows excitations at temperatures be-
low, slightly above �33 K�, and far above TN. At any tem-
perature and energy, the signal is well described by a single
Gaussian peak, without any variation in the widths.

In general, the excitation spectrum of an itinerant incom-
mensurate antiferromagnet may have a rather complicated
structure, consisting of several types of collective modes
�spin waves, phason, and amplitude modes� and a continuum
of excitations. The large width and the absence of dispersive
features seem to suggest that the observed signals essentially
reflect the excitations in the continuum, but with the present
results we may not exclude that the low-energy signal at low
temperatures arises from collective excitations. The spectral
function at qic �Fig. 5�b�� exhibits a significant temperature
dependence. Except at T=1.5 K, it can reasonably well be

FIG. 4. �Color online� Temperature dependence of pseudotetragonal lattice parameters in Sr3Ru2O7 and in Sr3�Ru1−xTix�2O7. �a� and �b�
show the a and c parameters on an absolute scale for x=0 and 0.10; for comparison we have included the room-temperature values for x
=0.075. �c� presents the unit-cell volume and part �d� the lattice parameters in Sr3�Ru0.9Ti0.1�2O7 normalized to the low-temperature values.
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described by a single-relaxor function,31 �����=�0� ·�� / ��2

+�2�, with an amplitude �0� �real part of � at �=0� and a
characteristic energy �. As expected, the amplitude increases
when approaching the magnetic transition, where, however,
only one component, �c, should diverge.32 At T=22 K, i.e.,
slightly below TN, the spectral weight at low energy is al-
ready reduced compared to T=33 K, and at T=1.5 K there
is a clear gap in the excitation spectrum of about 2 meV.
Taking account of the magnetic transition temperature in the
framework of weak-coupling theory,33 one estimates the gap
of the excitation continuum to a significantly higher
value:2��3.5kBTN�7.5 meV. The low-energy excitations
observed at low temperature should be close to the crossover
between magnon and continuum features, and anisotropy
terms should play an important role. A comprehensive study
of the magnetic excitations in the ordered states of the doped
Sr3Ru2O7 compounds appears highly interesting.

The observed magnetic fluctuations are qualitatively simi-
lar to the ones in V2−xO3, one of the very few systems with
an incommensurate spin-density wave ground state that have
been studied by inelastic neutron scattering.34,35 The mag-
netic excitations in Sr3�Ru0.9Ti0.1�2O7 furthermore resemble
those observed in the single-layer Ti-doped Sr2RuO4.15 The
spin dynamics in the lower energy range should contain in-
teresting and qualitatively different features such as collec-

tive modes, but these would probably be difficult to detect,
and the effects of disorder introduced by the chemical doping
might be detrimental.

V. MACROSCOPIC MEASUREMENTS

The macroscopic properties further confirm the spin-
density wave magnetic ordering in Sr3�Ru1−xTix�2O7. The in-
plane resistivity in Sr3�Ru0.9Ti0.1�2O7 exhibits an upturn upon
cooling at Tmag=25 K �see Fig. 6�a��. This resistivity in-
crease on the order of �	ab�150 �
 cm �Ref. 23� is, how-
ever, small compared to the corresponding increase by about
2 orders of magnitude at the magnetic ordering in
Sr3�Ru0.9Mn0.1�2O7.12 Sr3�Ru0.925Ti0.075�2O7 also exhibits a
smaller resistivity upturn at Tmag, but samples with lower
concentration do not show a clear feature in the resistivity.
Nevertheless the small Ti contents significantly alter the re-
sistivity. For Ti concentrations between 0% and 4% the re-

FIG. 5. �Color online� Excitations at Q= �0.76,0.24,0� in
Sr3�Ru0.9Ti0.1�2O7. �a� Shows constant energy scans along a diago-
nal direction in Q space for various temperatures and energy trans-
fers �raw data; shifted by 40 counts each�. �b� Shows energy scans
on the peak position. By background subtraction and Bose factor
correction, a quantity proportional to �� was obtained �lines, see
text�. FIG. 6. �Color online� �a� In-plane resistivity in

Sr3�Ru1−xTix�2O7 for a wide range of Ti concentrations as a func-
tion of temperature. �b� Magnetic susceptibility, ��, of
Sr3�Ru1−xTix�2O7 for x=0.075 and 0.10 after subtracting the contri-
butions of SrRuO3 and Sr4Ru3O10 impurity phases; field-cooled
�FC� and zero-field-cooled �ZFC� data were obtained with the mag-
netic field parallel to c; the upper curves were shifted for clarity.
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sistivity decreases when cooling from 10 to 0.5 K, whereas it
increases for contents larger than 5%,13 suggesting the criti-
cal concentration to be around xcr−Ti�4%.

Pure Sr3Ru2O7 exhibits a maximum in the temperature
dependence of the magnetic susceptibility which is charac-
teristic for a metamagnetic material. This maximum is rap-
idly suppressed by the Ti doping.13 Furthermore, the signa-
ture of the metamagnetic transition in the magnetization
versus magnetic field curves disappears for a Ti content of
4% in the crystals studied in Ref. 13 as well as in our crys-
tals. At Ti contents of 3% and 4% the c axis magnetic sus-
ceptibility continuously increases upon cooling, exceeding
the in-plane values, and the two samples with x=0.075 and
x=0.1 exhibit pronounced differences between field and
zero-field cooling �see Fig. 6�b� and Ref. 23�. These findings
support the alignment of the ordered magnetic moments
along the c direction as determined by the neutron-
diffraction studies: The nonmagnetic substitution creates a
finite moment in the spin-density wave, which can be aligned

by the field. The resistivity and the susceptibility in the two
samples which exhibit the spin-density wave ordering agree
remarkably well with the observations in the Ti-doped
Sr2RuO4 series.14,15

Hooper et al.13 presented low-temperature specific-heat
data for Sr3�Ru1−xTix�2O7 with x=0.0, 0.005, and 0.04. The
maximum of the

Cp

T data in pure Sr3Ru2O7 is suppressed
already by 0.5% of Ti, and the low-temperature limit of

Cp

T in
the x=0.04 sample is about 30% larger than that in
Sr3Ru2O7. We have extended the specific-heat measurement
to the larger Ti-concentration range �see Fig. 7�, which al-
lows us to relate the specific heat with the magnetic fluctua-
tions. In accordance with the detailed studies on
Ca1.8Sr0.2RuO4,11,30 we interpret the maximum of the specific
heat in the pure compound by the suppression of ferromag-
netic fluctuations in zero field at low temperature. The in-
crease in the low-temperature limit of

Cp

T upon increasing the
Ti can be ascribed to the softening of the magnetic fluctua-
tions near qic close to the transition which has been observed
in the neutron experiment as a function of temperature. The
maximum in the

Cp

T low-temperature limit indicates a critical
concentration of the spin-density wave ordering around 4%
of Ti. At higher concentrations in the static spin-density
wave phase, the

Cp

T coefficient gets effectively suppressed
due to the opening of the gap in the spin excitations which is
seen in the inelastic neutron-scattering spectra. The strength
of the

Cp

T suppression is remarkable and indicates that the gap
in the magnetic fluctuations or the hardening of the fluctua-
tions is not limited to qic but possesses considerable weight
throughout the Brillouin zone. The absence of a clear
anomaly in the specific-heat data may be ascribed to the
sluggish character of the magnetic transition which corre-
sponds to a crossover from two-dimensional to three-
dimensional ordering.

VI. CONCLUSIONS

The magnetic ordering in Ti-doped Sr3Ru2O7 has been
characterized by elastic and inelastic neutron-scattering stud-
ies. Sr3�Ru1−xTix�2O7, with Ti concentrations of 7.5 and 10%,
exhibits an incommensurate spin-density wave magnetic or-
dering with a propagation vector of qic= �0.24,0.24,0�. It is
remarkable that the magnetic ordering does not reflect a pro-
nounced inelastic magnetic correlation already present in
pure Sr3Ru2O7. In contrast, in the single-layer ruthenates, Ti
doping leads to a condensation of the dominant magnetic
instability of pure Sr2RuO4. In Sr3�Ru1−xTix�2O7 there is a
ferromagnetic coupling within the two layers of a bilayer and
the ordered moment points along the c axis. The correlation
length is long in the basal plane and short along the c direc-
tion reflecting the weak magnetic coupling between the bi-
layers. The in-plane correlation length of about 40 lattice
spacings by far exceeds the mean Ti-Ti distance indicating
that the impurities perturbate the magnetic correlations less
than in the single-layer material. Signatures of the spin-
density wave magnetic ordering are seen in the resistivity, in
the magnetic susceptibility, and in the specific heat, although
only the resistivity exhibits a well-defined anomaly at the
magnetic transition.

(a)

(b)

FIG. 7. �Color online� Specific heat in Sr3�Ru1−xTix�2O7 for a

wide range of Ti concentrations. In the upper part we show
Cp

T as a
function of T2, and in the lower part we show the electronic part of
Cp

T versus T after subtraction of the parabolic phonon contribution.
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Strong magnetic excitations at qic are associated with this
magnetic instability. Their spectral weight increases upon
cooling toward the transition, and a gap develops below
Tmag. These magnetic excitations constitute an additional
component to the reported excitation spectrum of Sr3Ru2O7
in contrast to the case of the single-layer compounds where
Ti doping leads to the condensation of the dominating mag-
netic instability in the pure material.15,22 Further experiments
are required to clarify the relation between the distinct mag-
netic instabilities in pure and Ti-doped Sr3Ru2O7. The soft-
ening of magnetic fluctuations at qic and the opening the gap

in the ordered phase are reflected in the doping and tempera-
ture dependencies of the specific heat.
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